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Abstract The mechanical properties of a single titin immunoglobulin-like domain (I27) are studied,
based on the virial stress definition, via steered molecular dynamics simulation. Moreover, the effects of
biological conditions on the obtained results are investigated. Due to different viewpoints on virial stress
definition, the role of kinetic stress in virial stress definition is elucidated. The obtained Young’s modulus
is about 0.7± 0.1 GPa. It is found that the ultimate stress decreases nonlinearly and the Young’s modulus
decreases almost linearly with an increase in temperature. It is observed that the mechanical properties
decrease with a decrease in the strain rate. The mechanical properties are not sensitive to small unfolding
forces, but they rise up with an increase in the force magnitude afterwards. Considering the kinetic stress
term in calculation of virial stress increases the accuracy of the results, but does not have a significant
effect on mechanical properties, especially at low temperatures. This implies that the kinetic stress term
can be ignored at low temperatures. This study furnishes a basis for the I27 domain, where mechanical
properties must be taken into account.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Biological materials, such as peptides and DNA, have
exhibited extraordinary properties and functionalities due to
their evolution processes. In the past decade, much research
into the mechanical unfolding of these materials has been
conducted [1–5]. Most studies have focused on particular
issues, such as evaluation of the stiffness of proteins [6],
investigation of the relationship between the mechanical
stability of a protein and its structure [7], estimation of the free
energy landscape [8] and probation of the folding dynamics
upon force quench [9]. Titin protein, which is a well-studied
biological material, is a giant protein found in both cardiac
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doi:10.1016/j.scient.2012.10.022and skeletal muscles and spans one-half of the sarcomere.
It mainly consists of two motif types of module; type I
and type II, which are referred to as immunoglobulin-like
domains and fibronectin-3-like domains, respectively. These
domains can linearly array into two regions; the N-terminal
I-band, which plays the elastic role of the molecule, and
the C-terminal A-band, which acts as a protein-ruler [10].
The Immunoglobulin-like domain (I27) of titin protein, which
belongs to the I-band region and is known as a mechanical
polypeptide, has specific characteristics, like high reversibility
and strength, due to its β-sandwich structure [11,12]. As
shown in Figure 1, this molecule has a globular shape and
consists of two β-sheets; each sheet contains four β strands
(β-sheets are colored differently, with sheet A B E D in blue
and sheet A´ G F C in red). The mechanical role of titin
protein during muscle contraction, and the characteristics of
the Ig-like domains have been the main reasons behind titin
protein and its components being studied from various angles.
For example, investigation of the viscoelastic response of a
single protein [13], studying of the mechanical fatigue of a
single titin molecule [14], assessment of the dependency of
mechanical resistance to force direction [15], investigation of
evier B.V. Open access under CC BY-NC-ND license.
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studies [17,18], are some interesting ones. However, our
literature review reveals that the mechanical properties of the
I27 domain, such as Young’s modulus, and ultimate stress, have
not yet been reported. Additionally, there are still controversial
discussions about the definition of stress in nanoscale to be
considered an equivalent to Cauchy stress in macroscale. With
the advent of nanotechnology and its introduction to the world
of discrete particle systems, the need for definition of essential
quantities, such as stress, to be equivalent to stress definition
in continuum systems (at macroscale), is more essential. In
1979, Tsai [19] introduced a virial stress based on the virial
theorem of Clausius for pressure of a gas by solution, the
space equations being relevant to equilibrium of particles
momentum. After Tsai, numerous research has been involved
with the definition of stress in atomic scale [20–22]. All of
them state that the equivalent virial stresses with the Cauchy
stress consist of the kinetic and potential terms. In 2003,
Zhou [23] began a controversial discussion about the use of
virial stress for discrete systems. He tried to prove by several
examples that virial stress that includes the kinetic stress term
cannot be considered Cauchy stress in macroscale. One year
later, Zimmerman et al. [24] supported the work of Zhou
and demonstrated that the instantaneous atomic values for
virial stress definition should not be used. Afterward, many
researchers used Zhou’s definition of stress in their studies
[25,26]. In 2008, Subramaniyan and Sun [27] claimed that
Zhou’s and Zimmerman’s conclusions were not correct and
the kinetic term in virial stress definition is necessary. The
shortcoming of research relevant to the mechanical properties
of the I27 domain, and the controversial discussions about
virial stress definition are the main motivation behind the
present study. To achieve these goals, the I27 domain unfolds
under uniaxial load via Steered Molecular Dynamics (SMD)
simulation, which incorporates stretching conditions with
classical Molecular Dynamics (MD) [28]. Also, in the calculation
of virial stress, both kinetic and potential stress terms are taken
into account. Furthermore, the effects of temperature, strain
rate and themagnitude of the unfolding force on themechanical
properties of I27 domain are studied.
2. Materials and methods
The MD simulation is performed using the empirical
CHARMM 27 force field released by MacKerell [29]. The entry
code, 1TIT, that describes the atomic positions of the I27
domain was taken from the Protein Data Bank [30]. The SMD
simulations are carried out using the molecular dynamics
software NAMD [31], along with the VMD package [32]. The
formulation suggested by Tsai [19] and Swenson [33] based on
the virial theorem of Clausius is used in this study and can be
defined as:
σij = σpot + σkin, (1)
where:
σpot = 12Ω

βϵΩ
N
α=1
[Rαi − Rβi ]Fαβj ,
and:
σkin = − 1
Ω

βϵΩ
mβV βi V
β
j ,
where σij is the stress tensor, σpot and σkin are potential and
kinetic contributions to the virial stress, respectively. Ω is theFigure 1: Secondary structure of titin I27, the twoβ-sheetswas elucidatedwith
its β-strands (A´, G, F and C belong to top β-sheet and A, B, E and D belong to
bottom β-sheet). Figure was created by VMD software [32].
volume, and Rαi and R
β
i are the positions of atoms α and β
along direction i, respectively. Fαβj is the force exerted on atom
α from atom β along the j direction. mβ is the mass of atom
β, V βi and V
β
j are the velocity of atom β in the i and j directions,
respectively. It is notable that from the SMD mechanism, the
applied force (spring mechanical force) introduces internal
forces in the system. These forces are calculated from the
gradient of the CHARMM 27 potential function, fromwhich the
terms of virial stress have been calculated.
The titin I27 domain is solvated in the center of a water
box of 70 Å length, 35 Å width and 35 Å height. The titin I27
domain was surrounded by 2020 water molecules. To weaken
the Van der Waals interactions, the configuration energy of the
system is minimized using the steepest descent method [34].
Afterward, it is gradually heated up from 0 to 300 K and,
finally, the system is equilibrated in the isothermal–isobaric
NPT ensemble for 1 ns. The Langevin dynamic approach [35]
is used to conserve the temperature. The pressure control
mechanism is based on the Nose–Hoover method [36] that
has been combined with the Langevin dynamic approach and
called the Langevin piston Nose–Hoover method. The Root
Mean Square Deviation (RMSD) is the criterion to compare the
situation of two different structures of the system. The RMSD
equation can be written as:
RMSDα(tj) =
 Nα
α=1

r⃗α(tj)−

r⃗α
2
Nα
(2)
in which:
r⃗α
 = 1
Nt
Nt
j=1
r⃗α(tj),
where Nα refers to the number of atoms whose positions are
to be compared, r⃗α(tj) is the position of atom α at time t j.

r⃗α

compares the positions of r⃗α(tj), with respect to themean value
of the position of atom α, and Nt is the number of time steps.
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Figure 3: Variation of the virial stress over the course of the 1000 ps
equilibration phase.
The simulation parameters, such as cutoff radius and time
step, are selected as 12 Å, 1 fs, respectively. Moreover, the
Periodic Boundary Condition (PBC) is applied to eliminate
surface effects. The SMD is carried out in the microcanonical
(NVE) ensemble by fixing the C-atom of the N-terminus of I27
and applying an external forcewith spring stiffness of 500 pN/Å
by a strain rate of 1.17 %ps−1 to the C-atom of the C-terminus
in 300 K and a pressure of 1 bar (Figure 2).
3. Results and discussion
To start simulation, the I27 domain must be solvated
in water. This produces a pre-stress in the system. This
phenomenon is due to the difference between the force field
of bulk atoms and atoms at the interface of the water and
the protein. Figure 3 shows the pre-virial stress versus time in
the system that starts with a value of 0.14 GPa and fluctuates
around 0.1 GPa up to 500 ps. It then fluctuates around 0.05 GPa
and finally approaches zero in the equilibriumphase. The RMSD
diagram is depicted in Figure 4. During the equilibrium phase,
the RMSD curve converges to 1.55 Å. This, in turn, is a good
indication of the equilibrium state. According to Figure 4, the
converging process of RMSD is relatively fast, as the curve gets
the 1.55 Å value on 500 ps, which is due to gradually increasing
the temperature. Figure 5 shows the heating process. During
equilibration, the hydrogen bonds between β strands acquire
their stable form, so, the number of hydrogen bonds notably
increases from 8 to 26, with respect to the non equilibriumFigure 4: The RMSD as a function of time during the equilibration phase for
1 ns.
Figure 5: The heating process over the course of the 1000 ps equilibration
phase.
state. The stress–strain curve of the I27 domain under uniaxial
tensile loading is shown in Figure 6. The strain is defined as
1L/L0, where L0 is the initial length of the I27 domain and has
been calculated as 42.8 Å when the protein is in equilibrium.
It is seen in Figure 6 that when the strain is about 0.38 (i.e.,
peak strain), the ultimate tensile stress (i.e., ultimate stress)
is about 0.33 GPa. The stress increases almost linearly before
the peak strain and then decreases to 0.1 GPa in the plastic
region. As shown in the diagram, a saw-tooth pattern can be
observed after the stage of developing the plastic region. It is
believed that each tooth of the saw-tooth portion of the curve
is due to the break of all hydrogen bounds between two β
strands in oneβ sheet. During the simulation, it is observed that
the I27 domain retains its secondary structure until the strain
becomes 0.23. At this point, the Ig-like domain begins to lose
its secondary structure until the strain becomes 0.38 (the peak
strain), where the molecule bears the maximum stress value
of 0.33 GPa, so that the hydrogen bond between β-strands A
and B and β-strands A´ and G break. Beyond the peak strain, the
eighteen remaining hydrogen bridges between six β-strands
(G–F, F–C, B–E and E–D) begin to break. Since the molecular
dynamics technique is a numerical approach based on the finite
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1.17 %ps−1 at 300 K.
difference method, the results of simulation fluctuate slightly.
Therefore, the process of simulation was repeated several
times to achieve an accurate Young’s modulus. By means of
linear regression in the elastic zone, the Young’s modulus is
obtained about 0.7 ± 0.1 GPa. In the two past decades, various
approaches have been used to extract the elastic modulus
of proteins, for example, passing an ultrasonic wave through
the protein solution [37], using the Atomic Force Microscopy
(AFM) method [38,39], using MD simulations and molecular
mechanics approaches [40,41]. Because the I27 domain has a
globular shape, it is reasonable to compare our results with that
of globular proteins, especially those obtained experimentally.
Parra et al. [42] reported the Young’smodulus value in the range
of 0.5–0.8 GPa for a lactate oxidase (LOX) monolayer using an
atomic force microscopy technique based on the classical Hertz
model. By use of the AFM technique, Afrin et al. [39] estimated
that the Young’s modulus of the bovine carbonic anhydrase
II protein is about 0.04–0.22 GPa. The Young’s modulus of
0.5 GPa is reported for monoclinic lysozyme crystals [43]. It is
logical to assume that the mechanical properties, particularly
the Young’s modulus, of a protein are related to its inherent
structure. Also, the above proteins have a globular structure and
have, to some extent, similar secondary structures to the I27
domain, which makes the comparison reasonable. For instance,
the LOX, the carbonic anhydrase II and the lysozyme proteins
have the α-strands and 24, 15 and 6 β-strands, respectively.
The I27 domain has also 8 β-strands. It is obvious that the
Young’s modulus extracted from our MD simulation agrees
well with the results reported for globular proteins obtained
experimentally [44]. When the titin protein is subjected to a
muscular contraction, it plays a passive elastic role for returning
the muscle to its initial state. To understand qualitatively the
contribution of the I27 domain to titin’s elastic function, one can
model two I-band and A-band sections of titin with two series
of virtual springs. The following relation can be written for this
model:
1
kT
= 1
kI
+ 1
kA
, (3)
where kT , kI and kA are the spring stiffness of titin, I-band and
A-band sections, respectively. It has been demonstrated that
the I-band segment, which consists mainly of two chains of Igdomains connected by a PEVK region (rich in proline, glutamate,
valine and lysine), is responsible for titin’s elastic function [10].
This implies that we can ignore the second term of Eq. (3) or:
1
kT
∼= 1
kI
. (4)
On the other hand, assuming that each Ig domain contributes
independently, the spring stiffness of the I-band section can be
defined as:
1
kI
∼= 1
kIg1
+ 1
kIg2
+ · · · + 1
kPEVK
+ 1
kIg20
+ · · · + 1
kIg27
+ · · · (5)
where kIg1 , kIg2 , . . . are the spring stiffness of immunoglobulin
domains and the kPEVK is the spring stiffness of the PEVK region.
It is remarkable that in cardiac and skeletal titin, the number
of Ig domains varies between 37 and 90, and the length of the
PEVK region varies from163 to 2174 residues, respectively [45].
By assuming that the spring constants are almost equal, kIg1 ∼=
kIg2 ∼= kIg3 ∼= · · · ∼= kIg, Eq. (4) leads to:
1
kT
∼= n
kIg
+ 1
kPEVK
, (6)
where n refers to the number of Ig domains. The literature has
demonstrated that the reaction of the I-band section depends
on the magnitude of mechanical stretching forces [46]. Upon
stretching, the tandem’s Ig domains only straighten in response
to low forces. By increasing the force, the PEVK region begins
to unfold perfectly. That is why the existence of the charges on
the lysine and glutamic acid residues prevents the PEVK region
from preserving the stable conformation at moderate forces.
Now, Eq. (6) can be written as:
1
kT
∼= 1
kPEVK
. (7)
Finally, at large forces, the contribution of the extended PEVK
region to titin’s elastic function diminishes and Eq. (6) is
converted to:
kT ∼=

1
n

kIg. (8)
According to Eq. (8), it is deduced that the immunoglobulin-
like molecules that belong to the I-band section (typically,
the I27 domain) play a key role in titin’s elastic function for
large forces. This scenario can be generalized by establishing an
analogy between the elastic modulus and the spring stiffness of
domains. In the following, the effects of biological conditions,
such as temperature, strain rate, and magnitudes of unfolding
forces, on the obtained results are investigated. In this section,
the mechanical behavior of the I27 domain is studied at
different temperatures. The ultimate stress and the Young’s
modulus are plotted as a function of temperature in Figure 7(a)
and (b), respectively. The temperature varies between 53 and
523 K by a step of 30 K. To specify the behavior of the
ultimate stress and the Young’s modulus of the I27 domain,
with respect to temperature, the cubic and linear regressions
are applied, respectively. It is found that ultimate stress
decreases nonlinearly and the Young’s modulus decreases
almost linearly with an increase in temperature. Taniguchi
et al. [16] investigated the temperature effects (between the
ranges of 275–303 K) on the mechanical resistance of the
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ultimate stress, (b) the Young’s modulus and (c) the ultimate force.
I27 domain by the AFM method. Their results show that the
unfolding force (ultimate force) decreases with an increase in
temperature. Their results agree with Figure 7(c), in which the
ultimate force has been plotted as a function of temperature
using the SMD simulations. An inverse relationship betweenFigure 8: The kinetic stress–strain curve at different temperatures.
the elastic modulus of materials with temperature in macro
and nanoscales is extensively reported in the literature. This
phenomenon is due to the inverse relationship between the
atomic strain and the interaction forces of the system for
temperature changes. This means that the elastic modulus
is proportional to the slope of the force–strain curve, and
the Young’s modulus naturally decreases with an increase in
temperature. One of the surprising results is that the decent
behavior regimes of ultimate stress and ultimate force, with
respect to temperature, are not the same. Ranging from 53 to
300 K, ultimate stress decreases as well as ultimate force, but,
in contrast to ultimate force, the decent process of ultimate
stress becomes slower between the ranges of 300–523 K. To
elucidate this phenomenon, the kinetic stress behavior must
be considered. The kinetic stress–strain curves of five different
temperatures are plotted in Figure 8. The figure shows that
the kinetic stress has two different regimes. Ranging from
53 to 300 K, the intensity of kinetic stress variation is much
higher than the range between 300 and 523 K, so that, in the
first and latter range, this descent is about 0.078–0.017 GPa,
respectively. By considering the behavior of kinetic stress and
referring to Eq. (1), one can deduce that the decent process
of ultimate stress in temperatures more than 300 K is the
same as the kinetic stress. Relying on our results, we can
now explain whether the kinetic term must be considered
in the calculation of virial stress or not. We saw that the
kinetic term can affect the values of the ultimate stress at
high temperatures. To understand the effect of kinetic stress on
the Young’s modulus, the potential stress–strain and the virial
stress–strain curves are plotted at 173–523 K in Figure 9(a)
and (b), respectively. According to these diagrams, the Young’s
modulus for the potential and virial stress curves is 0.96
and 0.92 GPa at 173 K, and is 0.65 and 0.64 GPa at 523 K,
respectively. These results imply that kinetic stress does not
have a significant effect on the Young’s modulus at different
temperatures. On the other hand, these diagrams show that
kinetic stress causes the ultimate potential stress values to
reduce 12%–20% at 173 and 523 K, respectively. Moreover,
it is obvious that the main contribution of the virial stress is
relevant to the potential stress term. In summary, it is deduced
that consideration of the kinetic stress term in calculation
of virial stress is in favor of increasing the accuracy of the
results, but does not have a significant effect on mechanical
properties, especially at low temperatures. Therefore, for the
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and (b) 523 K.
Table 1: The values of the ultimate stress, the Young’s modulus, and the
peak strain in different strain rate.
Strain
rate (%ps−1)
Young’s
modulus (GPa)
Ultimate
stress (GPa)
Peak
strain (GPa)
0.12 0.5 0.17 0.23
0.23 0.63 0.28 0.35
1.17 0.71 0.32 0.38
2.33 0.84 0.4 0.39
Young’s modulus, this term can be ignored and the potential
stress can be represented as the Cauchy stress. In the following,
it is interesting to investigate the effect of strain rates (ranging
from 0.12 %ps−1 to 2.33 %ps−1) on the mechanical properties
of the I27 domain. The stress–strain curve of the I27 domain for
four different strain rates is presented in Figure 10. The figure
shows that the elasticmodulus, the ultimate stress and the peak
strain depend on the strain rate. Upon increasing the strain
rate, they all increase, but, by different intensities. The results
presented in Table 1 provide a deep insight into the problem. By
decreasing the strain rate from 2.33 to 0.12 %ps−1, the Young’s
modulus, the ultimate stress and the peak strain of the I27
domain decrease 40%, 58% and 41%, respectively. Results show
that the unfolding process of the I27 domain can be donewith aFigure 10: The stress–strain curve of I27 under tensile loading with four
different strain rates.
Figure 11: The force–strain curve of I27 under tensile loading with four
different strain rates.
smaller force if the duration of simulation becomes longer. The
force–strain curves with different strain rates are extracted and
are shown in Figure 11. It is seen that regardless of the strain
rates, the force initially increases linearly up to its peak, and
then decreases and follows the saw-tooth pattern. According
to this figure, the effect of strain rate on the force–strain curve
is quite evident. The peak force, the stiffness of protein, and
the peak strain decrease with a decrease in the strain rate. Lu
and Schulten [47] have already reported this influence on the
force–elongation curve of the I27 domain that is compatible
with the force–strain presented in Figure 11. The similarity
of the curves and also the identity of the force values at the
same strain rate interpret this compatibility. Finally, due to
variations in the magnitude of forces in the muscle contraction
process, the effect of the magnitudes of unfolding forces on the
mechanical properties of the I27 domain are studied. A SMD
simulations process can be implemented by attaching a virtual
spring between one atom of the system and a dummy atom. In
this way, movement of the dummy atom at a constant velocity
exerts a spring force on the system. This force changes linearly
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with respect to the spring stiffness of external force.
by the distance between atoms and can be calculated as follows:
F⃗ = k(v⃗t − r⃗). (9)
Here, F⃗ is the exerted force on the system, k is the spring
stiffness, v⃗ is the pulling velocity, t is the time, and, finally,
r⃗ is the displacement of an atom (connected to the spring)
from its initial position. Indeed, by changing the magnitude
of the virtual spring stiffness in the simulation process, the
effect of magnitudes of unfolding forces relevant to muscle
contraction on the mechanical properties of the I27 domain
can be demonstrated. To sample the unbinding potential and
in order to avoid noise effects on virial stress calculations,
the spring stiffness is chosen in the range of 69.5–695 pN/Å
by a step of 69.5 pN/Å. The variation of ultimate stress and
the Young’s modulus with spring stiffness k is presented in
Figure 12(a) and (b), respectively. It is seen that the ultimate
stress is not sensitive to spring stiffness for the range of
69.5–417 pN/Å, as well as the Young’s modulus, but both of
them increase when the spring stiffness is more than 417 pN/Å.
By increasing the spring stiffness, interaction forces arise in the
system, as the unfolding force increases. Therefore, as expected,
the ultimate stress and the Young’s modulus must increase by
large enough unfolding forces.4. Conclusions
In this study, a SMD simulation is employed to study the
mechanical properties of a titin I27 domain using the virial
stress theory. Moreover, the biological effects on the obtained
mechanical properties are investigated and a discussion
about the virial stress definition is presented. The Young’s
modulus and the ultimate tensile stress are obtained about
0.7–0.33 GPa at room temperature, respectively. It is found
that temperature plays an important role in the behavior
of mechanical properties; as the ultimate stress and elastic
modulus decrease with an increase in temperature. In the case
of strain rate influence, the results show that the stress–strain
curve behavior, with respect to the strain rate, coincides with
the behavior of the force–strain curve, which is reported in
the literature. The influence of the magnitudes of unfolding
forces depends on their values. If the values are large enough,
the ultimate stress and the Young’s modulus will increase.
Also, the results show that the kinetic stress term does not
have any significant effect on the Young’s modulus value.
However, the ultimate stress behavior is affected slightly when
the temperature ismore than 300 K. Thismeans that the kinetic
stress term can be ignored, particularly at low temperatures.
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